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Abstract.  Chlamydomonas  cells excise their flagella in 
response to a  variety of experimental conditions (e.g., 
extremes of temperature or pH,  alcohol or detergent 
treatment, and mechanical shear).  Here,  we show that 
flagellar excision is an active process whereby 
microtubules are severed at select sites within the tran- 
sition zone. The transition zone is located between the 
flagellar axoneme and the basal body; it is character- 
ized by a pair of central cylinders that have an H 
shape when viewed in longitudinal section. Both cen- 
tral cylinders are connected to the A  tubule of each 
microtubule doublet of the transition zone by fibers 
(~5  nm diam). When viewed in cross section, these 
fibers are seen to form a  distinctive stellate pattern 
characteristic of the transition zone (Manton, I.  1964. 
J. R. Microsc.  Soc.  82:279-285;  Ringo, D.  L.  1967.  J. 
Cell Biol.  33:543-571).  We demonstrate that at the 
time of flagellar excision these fibers contract and dis- 
place the microtubule doublets of the axoneme inward. 
We believe that the resulting shear force and torsional 
load act to sever the axonemal microtubules immedi- 
ately distal to the central cylinder. 
Structural alterations of the transition zone during 
flagellar excision occur both in living cells and 
detergent-extracted cell models, and are dependent on 
the presence of calcium (>/10  -6 M).  Immunolocaliza- 
tion using monoclonal antibodies against the calcium- 
binding protein centrin demonstrate the presence of 
centrin in the fiber-based stellate structure of the tran- 
sition zone of wild-type cells. Examination of the 
flagellar autotomy mutant, fa-1,  which fails to excise 
its flagella (Lewin, R., and C.  Burrascano.  1983.  Ex- 
perientia.  39:1397-1398),  demonstrates that the fa-1 
transition zone also contains centrin.  However, fa-1 
lacks the ability to completely contract the fibers of 
the stellate structure. We conclude that flagellar exci- 
sion in Chlamydomonas  involves microtubule severing 
that is mediated by the action of calcium-sensitive 
contractile fibers of the transition zone. These observa- 
tions have led us to question whether microtubule 
severing may be a  more general phenomenon than pre- 
viously suspected and to suggest that microtubule 
severing may contribute to the dynamic behavior of 
cytoplasmic microtubules in other cells. 
M 
ICROTUBULES are important elements of cytoplas- 
mic structure that show dynamic behavior in inter- 
phase and mitotic cells; they comprise the major 
structural component of centrioles, basal bodies, and flagella 
(Schliwa, 1986). The study of cilia and flagella has provided 
much of the conceptual basis for understanding microtubule 
function in general (Gibbons, 1981; Satir, 1976). The green 
alga Chlamydomonas reinhardtii serves as a particularly use- 
ful model system for structural, biochemical, physiological, 
and genetic dissection of these motile organelles (Huang, 
1986; Lefebvre and Rosenbaum, 1986; Randall et al., 1967; 
Ringo,  1967; Witman et al.,  1972). 
Chlamydomonas, like many other organisms, cast offtheir 
flagella in response to experimental treatments such as ex- 
treme pH, heat, alcohol or other noxious agents, and me- 
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chanical  shear  (Blum,  1971; Lewin et  al.,  1982;  Ringo, 
1967; and see Bloodgood, 1974 for flagellar loss by resorp- 
tion). The excision process is known to involve calcium ions; 
treatments that  increase  Ca  2÷  levels  within the  flagellum 
have been used to induce flagellar excision in a variety of cell 
types (Goldstein, 1974; Huber et al., 1986; Rosenbaum and 
Carlson, 1969; Thompson et al., 1974; Watson et al., 1961). 
Electron microscopic analysis has revealed that flagellar ex- 
cision occurs just distal to the transition zone, a structurally 
specialized region between the flagellar axoneme and the 
basal  body  (Blum,  1971; Cavalier-Smith,  1974; Manton, 
1964;  Randall et al.,  1967; Ringo, 1967).  Chlamydomonas 
and all  other chlorophyll b-containing motile plant  cells 
show unique structural features of the transition zone (Moe- 
strup,  1982).  These include a pair of central cylinders that 
have an H  shape when viewed in longitudinal section and 
fibers which connect the central cylinders to the doublets of 
the transition zone; these fibers form a  distinctive steUate 
pattern when viewed in cross section (see below; Cavalier- 
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al., 1967; Ringo, 1967). Although flagellar excision has been 
recognized and studied for nearly half a century, the actual 
mechanism, called autotomy or "self cutting" (Lewin et al., 
1982; Lewin and Burrascano, 1983), has remained elusive. 
In this study, we find that flagellar excision is mediated by 
a  calcium-sensitive alteration of transition zone structure. 
Our studies with monoclonal anti-centrin antibodies reveal 
that fibers of the transition zone stellate structure contain 
centrin. Centrin is a 20,000-Mr calcium-binding protein that 
was  originally  identified as  a  component of fiber-based, 
basal body-associated, contractile organelles of algal cells 
(Salisbury et al., 1984, 1988). cDNA clones coding for cen- 
trin (called caltractin by some workers) have recently been 
isolated and sequenced (Huang et al.,  1987). During flagel- 
lar excision, stellate structure centrin-containing fibers of the 
transition zone contract and displace the microtubule dou- 
blets of the transition zone inward thus severing them. 
Materials and Methods 
Cell Culture 
Chlamydomonas reinhardtii, wild-type strain 137c, and the flagellar autot- 
omy mutant fa-I (Lewin and Burrascano,  1983)  were obtained from the 
Chlamydomonas culture collection at Duke University (E. H. Harris, Dur- 
ham, NC). Cultures were maintained in Sager and Granick (1954) medium 
I in 10-ml tubes under a  14:10-h  light/dark cycle at 24°C. 
Flagellar Excision in Living Cells 
Cultures  were  harvested  by  centrifugation and  resuspended  in  culture 
medium containing buffer A (10 mM Tris-HCl,  1 mM NaH2PO4,  2 mM 
sodium acetate, pH 7.0) to a final density of 106 cells/ml. Cells were sub- 
jected to pH shock by reducing the pH to 4.3 with 1.0 N acetic acid for 2 
min while vigorously stirring with a magnetic bar, and then returned to neu- 
tral pH with 1.0 N KOH. Aliquots of cells were collected before (preshock 
condition), during shock (shock condition), and 5 min after shock (recovery 
condition) and processed for electron microscopy. 
Flagellar Excision in Detergent Extracted Cell Models 
Cells were collected by centrifugation and washed twice in buffer B (10 mM 
Tris-HC1,  5 mM EGTA, 3 mM MgSO4,  pH 7.0). Cell pellets were gently 
resuspended in 0.5 ml buffer B and then extracted by adding 10 vol of extrac- 
tion  buffer C  (10  mM  Tris-HCl,  5  mM  EGTA,  3  mM  MgSO4,  0.01% 
Nonidet, pH 7.0). Cell models were treated in buffer C with the free calcium 
level  adjusted  with  a  Ca2+/EGTA  buffer  system  (Fabiato  and  Fabiato, 
1979). Some experiments were also carried out in buffer C containing a pro- 
tease inhibitor cocktail which included 2 mM PMSE 10/zg/ml chymostatin, 
400 kallikrein units aprotinin, and 0.3 mg/ml soybean trypsin inhibitor (pro- 
tease inhibitors were purchased from Sigma Chemical Co., St. Louis, MO). 
Electron Microscopy 
Fixation was carried out according to a  modification of the procedure of 
McDonald (1984).  Cells were fixed in 3% glutaraldehyde buffered with 10 
mM Hepes, pH 7.2,  for 2 h at 4°C.  After a buffer wash (10 mM Hepes, 
pH  7.2)  the samples were postfixed in  1%  osmium tetroxide and 0.8% 
K3Fe(CN)6 in 4 mM phosphate buffer, pH 7.2,  for 30 rain at 4°C. Samples 
were washed with deionized water,  mordanted with 0.15 % aqueous tannic 
acid for  1 min at  room temperature,  washed with deionized water,  and 
stained with 2% aqueous uranyl  acetate for 2 h in the dark. After washing 
with deionized water,  the samples were dehydrated through an ethanol se- 
ries, cleared with propylene oxide, and embedded in Poly/Bed 812. Blocks 
were polymerized  at 60°C for 48 h. Silver sections were collected on copper 
grids, poststained at room temperature with aqueous 2 % uranyl  acetate for 
15 min, followed by Reynold's lead citrate for 15 min. Sections were ob- 
served and photographed on a JEOL  1200  EX electron microscope. 
Immunofluorescence 
Cells were fixed in 4 % fresh paraformaldehyde buffered with 10 mM Hepes, 
pH 7.0, for 15 min and allowed to adhere to eight-well glass slides (Carlson 
Scientific, Peotone, IL), which had been pretreated with 0.1% polyethyleni- 
mine (Sigma Chemical Co.). Afar three washes in 10 mM Hepes buffer 
the cells were simultaneously permeabilized and blocked for nonspecific 
binding by treating the slides with 5%  goat serum (Gibco Laboratories, 
Grand Island, NY), 5% glycerol, and 5% DMSO for 30 min at 37°C. The 
cells were incubated in primary anti-centrin monoclonal antibody (17El0; 
Salisbury et al.,  1988, diluted 1:100 in the blocking and permeabilization 
buffer) for 3 h, washed three times in PBS, and reacted with secondary 
fluorescein-conjugated goat  anti-mouse IgG  (Organon  Teknica-Cappel, 
Malvern, PA, diluted 1:400 in the blocking and permeabilization buffer) for 
1 h.  The preparations were washed for 15 rain in three changes of PBS, 
mounted in 50% glycerol/50% PBS, pH 8.5, containing 2% N-propylgallate 
(Eastman Kodak Co., Rochester, NY), and observed using a Nikon Op- 
tiphot microscope equipped for epifluorescence (excitation 450-490 nm, 
barrier filter 590 nm). Immunofluorescence images were recorded on Hyper- 
tech film (Microfluor Lid., Stony Brook, NY) with 10-20-s exposures, and 
developed in D-19 developer at 68°F for 4 min. 
lmmunogold Labeling 
Chtamydomonas  137c and fa4  ceils  were  fixed  in  1%  glutaraldehyde 
buffered with 10 mM Hepes, pH 7.2, for 15 min at 4°C and washed 3 times 
in 10 mM Hepes buffer.  Free aldehyde groups were reduced by treatment 
with aqueous sodium borohydride (7 mg/ml) for 15 rain at 4°C and washed 
three times with 10 mM Hepes. Samples were dehydrated through an etha- 
nol series at  -20°C.  Samples were infiltrated with Lowicryl resin (Pella, 
Inc., Redding, PA),  cured at  -20°C using UV light, sectioned, and col- 
lected on formvar-coated nickel grids. Sections were hydrated with deion- 
ized water for 10 min, blocked in 0.1% BSA and 5% normal goat serum 
in Tris-buffered saline (TBS;  10 mM Tris HCI, 150 mM NaCI, pH 7.4) for 
1 h,  incubated in primary monoclonal antibody (17El0,  diluted  1:100 in 
TBS, pH 7.4, containing 0.1%  BSA and 5% normal goat serum) for 2 h, 
washed for 15 min with several changes of TBS, and reacted with secondary 
goat anti-mouse IgG conjugated to  10  nm colloidal gold  (Janssen Life 
Science Products, Piscataway, N J; 1:40 dilution in TBS, pH 8.2, containing 
0.1% BSA and 5% normal goat serum) for 1 h. Sections were washed as 
above, postfixed in aqueous 1% glutaraldehyde, washed with deionized wa- 
ter, and poststained as above before observation. 
Results 
Chlamydomonas Flagellar Excision 
Vegetative Chlamydomonas cells normally have a pair of api- 
cally inserted flagella, each ~11/~m in length. The flagellar 
membrane represents '~10% of the total surface area of the 
cell  (Lewin et  al.,  1982);  for wild-type  Chlamydornonas 
cells this represents the only "naked" membrane exposed to 
the environment as the remainder of the cell is covered by 
a cell wall. Cells respond to a variety of environmental stress 
situations by casting off their flagella by a process known as 
excision or autotomy ("self cutting"; Blum, 1971; Lewin and 
Burrascano,  1983);  this  effectively eliminates  the  naked 
membrane surface exposed to environmental trauma. Fig.  1 
illustrates Chlamydomonas cells in midlongitudinal section 
before and immediately after pH shock-induced flagellar ex- 
cision. Both flagella excise distal to the transition zone leav- 
ing the basal bodies and associated structures intact within 
the cell body. Note that the plasma membrane has resealed 
over the  basal  bodies,  the  distance  between  the  ftagellar 
apparatus and the nucleus has shortened, and that nuclear 
shape has been altered; nuclear movement and shape changes 
are due to contraction of the centrin-based nucleus-basal 
body connector as reported earlier (Salisbury et al.,  1987; 
Wright et al.,  1985). 
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Chlamydomonas reinhardtii cells before (A) and immediately after 
(B) pH shock-induced  flagellar excision. Note that flagella excise 
just distal to the transition zone and that the plasma membrane rap- 
idly seals over the site of flagellar excision. Also, the distance be- 
tween the flagellar apparatus and the nucleus has decreased and the 
nucleus has undergone a subtle shape change. CW, cell wall; N, nu- 
cleus.  Bar, 2 #m. 
Alterations in Transition Zone Structure 
Fig.  2, A-D illustrates normal basal body, transition zone, 
and axoneme structure.  The flagellar axoneme is ",~0.2/zm 
in diameter and is composed of nine outer doublet microtu- 
bules  arranged  circumferentially  around  a  central  pair  of 
microtubules (Fig. 2, A and B).  Each doublet consists of a 
complete microtubule, the A tubule, consisting of 13 proto- 
filaments, and a partial microtubule, the B tubule, consisting 
of 11 protofilaments (Tilney et al.,  1973).  The cross section 
in Fig. 2 B shows nexin links between adjacent outer doublet 
microtubules just proximal to the region where dynein arms 
occur along the axoneme.  The axoneme is anchored in the 
cell at the basal body. The basal body consists of a  cylin- 
drical set of nine microtubule triplets (0.5-0.75 #m long) and 
is further characterized by the absence of dynein, nexin, and 
spoke proteins (Fig. 2, A and D). Each triplet consists of an 
A and B tubule which are continuous with the axonemal mi- 
crotubules, and an additional partial microtubule, the C tu- 
bule. The transition zone connects the axoneme to the basal 
body and  is  characterized  by microtubule doublets  and  a 
pair of central cylinders that have an H  shape when viewed 
in longitudinal  section (Fig.  2 A). The distal cylinder is 80 
nm in diameter,  100-120  nm long,  and closed at its prox- 
imal end. The proximal cylinder is also 80 nm in diameter, 
50-70 nm long, and open at both ends. The H piece cylinders 
are connected to the A  tubules of the microtubule doublets 
by fibers ("~5 nm diam) which form a distinctive stellate pat- 
tern when viewed in cross section (Fig. 2 C). The organiza- 
tion of these fibers is complex, however, careful analysis re- 
veals that they connect every other A tubule and are arranged 
in a  spiral for six to seven turns along the length of the H 
piece (and see Manton,  1964). 
Fig.  2,  E-L  illustrates  transition  zone  structure  during 
flagellar excision and subsequent regrowth.  At the time of 
flagellar excision,  the  transition  zone  undergoes  dramatic 
structural alterations. The fibers of the stellate structure con- 
tract around the outer wall of the central cylinder in the distal 
1/3 of the H piece (Fig. 2, E and G, Fig. 3, B-E). This dis- 
places the doublet microtubules inward and results in a  12 % 
reduction  in  the  overall diameter of the  transition  zone,  a 
42 % reduction of the distance between each A tubule and the 
H piece cylinder, and a change in pitch or doublet angle rela- 
tive to the radius of the transition  zone from 9.6 °  to 22.1 ° 
(compare Fig. 2, Cwith G, Fig. 3, A with B-E, and see Table 
I). The diameter of the basal body and arrangement of micro- 
tubule triplets are not significantly affected during excision. 
Concomitant with flagellar excision, the plasma membrane 
seals over the transition zone (Fig. 2 E). By 5 min after exci- 
Table L  Characteristics  of Transition Zone Structure before and after pH Shock-induced Flagellar Excision 
Transition zone  Tubule  distance 
Condition  diameter  to central cylinder  Doublet  angle* 
nm  nm 
Wild-type cells 
(A)  Preexcision  186  _+  9.68  31.2  _+  1.7  9.6 °  +  5.7 ° 
(B)  Postexcision  164  _+  7.84  18.2  _+  2.8  22.1 °  +  6.5 ° 
(C)  5  rain postexcision  194  +  7.13  32.1  _+  2.8  8.9 °  _+  4.9 ° 
(D)  Difference 
between A  and  B  22  (12%)  13.0  (42%)  12.5 ° 
Flagellar autotomy mutant fa-I 
(E)  Preshock  183  +  6.4  31.4  +  3.8  10.2 °  +  3.9 ° 
(F)  Postshock  185  -I-  6.6  29.8  +  3.7  11.8 °  +  4.1 ° 
(G)  Difference 
between E  and  F  3  (1%)  1.6 (5%)  1.6 ° 
* The doublet angle (pitch)  is determined from cross sections  at the distal I/3 of the transition zone;  it is the complement of the acute angle formed  by a line 
bisecting the A and B tubule and a radius passing through  the center of the A tubule and the center of the H piece.  Values represent  the mean of determinations 
from  six transition zones  +  their standard  deviations. 
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the  flagellar  transition  region  in 
Chlamydomonas reinhardtii before 
(A-D), immediately  following (E- 
H), and after 5 min recovery (I-L) 
from  pH  shock-induced flagellar 
excision.  (A) Longitudinal section 
of the  axoneme  (AX)/basal  body 
(BB) region illustrating  the transi- 
tion zone (TZ) H piece and fibers of 
the  stellate  structure.  Arrows  la- 
beled  B-D  indicate  the  approxi- 
mate level of cross section for B-D. 
(B) Cross  section of the axoneme 
distal  to the transition zone illus- 
trating the 9 + 2 pattern of the axo- 
neme microtubules and nexin links 
connecting adjacent  doublets.  (C) 
Cross section of the transition zone 
illustrating  the  stellate  pattern  of 
fibers that connect the A tubule of 
each doublet to the central cylinder 
of the  H piece.  This is the active 
zone of contraction during flagellar 
excision  (compare  with  G).  (D) 
Cross section of a basal body illus- 
trating the nine triplets  of micro- 
tubules and the surrounding fibers 
which anchor the basal body to the 
plasma membrane. (E) Longitudi- 
nal section of a transition zone and 
basal  body immediately  after  fla- 
gellar excision. Note that the distal 
region of the transition zone is con- 
stricted, the H piece distal cylinder 
wall appears thicker, and the plas- 
ma membrane  has resealed over the 
transition  zone.  Arrows  labeled 
F-H indicate the approximate level 
of cross section for F-H. (F) Cross 
section of the distal-most region of 
the transition zone. (G) Cross sec- 
tion of the transition zone illustrat- 
ing contraction of the stellate fibers 
around the central cylinder and dis- 
placement of the microtubule dou- 
blets  toward the  H piece cylinder 
(compare with C). (H) Cross sec- 
tion of the basal body; note that its 
diameter and the orientation of mi- 
crotubule triplets have not changed 
significantly. (I) Longitudinal sec- 
tion of a newly forming axoneme, 
the transition zone, and basal body 
after 5 min recovery from flagellar 
excision; note that the axoneme has 
grown to ~0.5/~m in length.  Ar- 
rows labeled  J-L indicate the  ap- 
proximate level of cross section for 
J-L. (J) Cross section of the grow- 
ing axoneme distal to the transition 
zone. (K) Cross section of the tran- 
sition zone illustrating  the  return 
to  the  preexcision  steilate  pattern 
(compare with Cand G). (L) Cross 
section  of  the  basal  body. B-D, 
F-H, and J-L are from nonconsec- 
tive serial sections.  Bar, 0.2 tzm. 
The Journal of Cell Biology, Volume 108, 1989  1754 Figure 3. Cross sections of the distal  1/3 region of the transition  zone. The essential  features of transition  zone structure  in the (A) stellate, 
and (B) contracted configurations  are illustrated at high magnification.  Further examples of the contracted  configuration  are shown in C-E. 
Bar, 0.2 #m. 
sion the contracted fibers of the transition zone have returned 
to the stellate configuration (Fig. 2 K) and the flagellar axo- 
neme has begun to regrow (Fig. 2 I). In Fig. 3, A and B illus- 
trate the essential features of transition zone structure in the 
stellate  and contracted configurations at higher  magnifica- 
tion. Examples of three additional contracted transition zone 
stellate  structures  are shown in Fig.  3,  C-E. 
Flagellar Excision Requires Calcium 
Flagellar excision and the structural alterations in the transi- 
tion zone described above are sensitive to the prevailing lev- 
els of free calcium in the medium. Living cells fail to excise 
their flagella after pH shock if the free calcium level in the 
medium  is  buffered  at  or below  10  -7 M.  Magnesium  will 
not substitute for calcium. We have also observed that under 
conditions where living cells are blocked in flagellar excision 
by the absence of Ca  2+, they quickly die in response to pH 
shock. In detergent-extracted cell models, where the flagel- 
lar membrane has been removed,  calcium shock (Ca  +2 lev- 
els raised to t>10  -6 M) alone is sufficient to induce flagellar 
excision  (Fig.  4).  When the Ca  +2 level  is held at or below 
10  -7 M,  neither  flagellar excision nor the structural  altera- 
tions  in the transition  zone occur.  Electron  microscopy of 
detergent-extracted  cell  models after  calcium  shock shows 
that the stellate  structure contracts and flagella are excised 
in a  manner similar  to intact cells  (not shown). 
Centrin Localization in the Transition Zone 
Fig. 5 illustrates  indirect immunofluorescence using mono- 
clonal anti-centrin antibodies and reveals the centrin-based 
cytoskeleton of Chlamydomonas as described earlier (Salis- 
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Figure 4.  Flagellar  excision  re- 
quires  calcium. NP-40-extracted 
cell models were treated with Ca  2+ 
levels  indicated  on  the  abscissa 
and then scored for flagellar exci- 
sion.  Note that flagellar  excision 
occurs between  pCa 6 and  7. 
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is particularly  concentrated  in the region  corresponding  to 
the fibers of the steUate structure  (Fig.  6  B).  Thus centrin 
occurs in the distal fiber, the nucleus-basal body connector, 
and  also within  the transition  zone. 
Figure 5.  Indirect immunofluores- 
cence  staining  of  centrin  using 
monoclonal anti-centrin 17El0 and 
fluorescein-conj  ugated  secondary 
antibodies  in  Chlamydomonas re- 
veals localization to the distal fiber, 
the nucleus-basal body connector 
(Salisbury et al.,  1988;  Wright et 
al.,  1985),  and the transition zone 
region of the basal bodies. (A) Low 
magnification image of whole cell 
centrin distribution, (B) High mag- 
nification  image  showing  locali- 
zation of centrin  in the transition 
zone (arrows). Bars:  (A) 5 #m; (B) 
1  p,m. 
fa-l: A  Mutant Defective in Flagellar Excision 
We have investigated transition zone structure of the flagellar 
excision mutantfa-1,  which was isolated by Lewin and Bur- 
rascano  (1983). fa-1  cells fail to excise their  flagella under 
experimental  conditions  that normally  result in excision  in 
wild-type cells. However, flagella can be "broken" off offa-1 
cells by  excessive mechanical  shear.  The flagella typically 
rupture at sites distal to the transition zone and the cells sub- 
sequently die (Sanders,  M. A., and J. L. Salisbury, data not 
shown).  The transition  zone offa-1  is subtly different from 
wild-type cells in that the central pair of axonemal microtu- 
bules extend into the distal-most H piece cylinder beyond the 
point of normal termination  seen in wild-type ceils (Fig.  7, 
A  and  C). 
bury  et al.,  1987,  1988).  The distal  fiber  linking  the two 
basal bodies, and the "nucleus-basal body connector" (Salis- 
bury et al.,  1988;  Wright et al.,  1985),  stain intensely with 
anti-centrin antibodies.  Close inspection of the fluorescence 
pattern also shows staining of the basal bodies in the region 
of the transition  zone (Fig.  5 B).  Ultrastructural  investiga- 
tions using monoclonal anti-centrin and colloidal gold-con- 
jugated secondary antibodies reveal the distinct localization 
Figure 6.  Centrin localization in the transition zone of wild-type 
cells  at  ultrastructural  resolution  using  monoclonal  anti-centrin 
17El0  and  colloidal  gold-conjugated  secondary  antibodies.  (A) 
Longitudinal  section  showing  labeling  of the  transition  zone  H 
piece. (B) Cross section of the transition zone illustrating labeling 
of the stellate structure fibers. (C) Oblique section of the transition 
zone illustrating labeling of the region surrounding the central cyl- 
inder  (cc). Quantitative  analysis  of gold  particle  density  shows 
background levels of 9.1  and 7.5 particles/txm  z over the resin and 
chloroplast,  respectively,  and  specific  labeling  of  55.3  parti- 
cles/p.m 2 over the transition zone of wild-type cells.  Bar, 0.2  #m. 
Figure Z Electron micrographs of the transition zone of the flagellar 
excision  mutant fa-1.  (A)  Longitudinal  section  of the  axoneme 
(AX)/basal  body  (BB) region;  note  that  the  central  pair  (cp) 
microtubules extend into the distal cylinder of the H piece. Arrows 
labeled B-D indicate the approximate level of cross section for sec- 
tions B-D. (B) Cross section of the axoneme distal to the transition 
zone. (C) Cross section of the transition zone illustrating penetra- 
tion of the central pair microtubules into the distal cylinder and the 
otherwise normal steltate pattern of fibers that connect the A tubule 
of each doublet to the central cylinder of the H piece.  (D) Cross 
section of the region of the proximal cylinder of the transition zone. 
Bar,  0.2  tzm. 
The Journal of Cell Biology, Volume 108, 1989  1756 Figure 8. Electron micrographs of the transition zone of the flagel- 
lar excision mutantfa-1 that was fixed after detergent extraction in 
solutions containing high free calcium (10  -4 M). (,4) Longitudinal 
section of the axoneme (AX)/basal body (BB) region; note that the 
central pair (cp) microtubules have retracted or shortened and no 
longer extend into the distal cylinder of the H piece. Arrows labeled 
B-D indicate  the approximate level  of cross section for sections 
B-D. (B) Cross section of the axoneme distal to the transition zone. 
(C) Cross section of the transition zone illustrating absence of the 
central pair microtubules in the distal cylinder.  Note the failure of 
the stellate structure to completely contract (see Table I). (D) Cross 
section of the region of the proximal cylinder of the transition zone. 
Bar, 0.2 #m. 
Detergent-extracted  cell models offa-1 fail to excise their 
flagella in response to calcium treatment. After detergent ex- 
traction and calcium treatment offa-1 cells the central pair 
of microtubules no longer extend into the H  piece (Fig.  8). 
They have either shorten or are extruded  from the H  piece. 
In addition,  newly formed dense material is seen in the tran- 
sition zone at the level of the proximal central cylinder offa4 
(Fig. 8 A) and wild-type (not shown) cells. Note, the flagellar 
membrane has been,  in large part,  solubilized  by detergent 
treatment;  the  only remaining  flagellar  membrane  appears 
surrounding the transition zone itself. These observations in- 
dicate that thefa-1 defect is neither related to the termination 
point  of central  pair  microtubules,  nor  simply  associated 
with  membrane permeability properties. 
After calcium treatment of detergent-extracted cell models 
offa-1, the stellate structure fails to undergo the extreme con- 
traction  seen  in  wild-type  cell  models;  axoneme  diameter 
and  orientation  of the  outer  microtubule  doublets  are  not 
significantly  altered  (Fig.  8,  A  and  C;  Table  I).  Immuno- 
Figure 9. Centrin localization in the transition zone offa-1 cells at 
ultrastructural resolution using monoclonal anti-centrin 17El0 an- 
tibodies and colloidal gold-conjugated secondary antibodies.  (,4) 
Longitudinal section illustrating labeling of the transition zone H 
piece. (B) Cross section of the transition zone illustrating labeling 
of the stellate structure.  (C) Oblique section of the transition zone 
illustrating labeling of the region surrounding the central cylinder 
(cc). Quantitative  analysis  of gold  particle  density  shows back- 
ground  levels  of 2.8  and  1.25  particles/#m  2 over the  resin  and 
chloroplast,  respectively,  and  specific  labeling  of  20.5  parti- 
cles//zm 2 over the transition zone offa4 cells.  Bar,  0.2  ~m. 
localization ofcentrin infa-1 cells appears essentially similar 
to that seen in wild-type cells; the distal fiber, nucleus-basal 
body connector (not shown), and the transition zone (Fig. 9) 
label with monoclonal anti-centrin  and colloidal gold-con- 
jugated  secondary  antibodies.  Despite the apparent normal 
localization  of centrin  in these  cells,  we have not detected 
contraction  of f a-1 centrin-containing  fiber systems or  nu- 
clear movement under conditions that typically result in cen- 
trin contraction in wild-type cells (Sanders, M. A., and J.  L. 
Salisbury,  unpublished observations).  The basis for this de- 
fect is  not yet understood.  Nonetheless,  the  failure offa-1 
cells to excise their flagella is related to the inability of the 
stellate  structure  to contract  its fibers. 
Discussion 
Stellate Fiber Contraction Mediates 
Microtubule Severing 
In this study we demonstrate that flagellar excision in Chla- 
mydomonas reinhardtii is coincident  with  structural  altera- 
tions in the transition zone. Although we cannot formally ex- 
clude  the possible  role of local  proteolysis  in  the  excision 
process,  as suggested by Lewin and Lee (1985),  we believe 
that this  is unlikely  because  (a) the site of excision  is pre- 
cisely  defined,  (b)  the  excised  axoneme  and  the  transition 
zone do not undergo further apparent degradation,  (c) exci- 
sion  occurs  normally  in  detergent-extracted  cell  models  in 
the presence of proteolytic inhibitors, and (d) excision is ex- 
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that flagellar excision occurs by a physical mechanism that 
may be adequately described in terms of the following fairly 
simple model. The transition zone fibers of the stellate struc- 
ture tether the outer doublet microtubules of the axoneme to 
the central cylinders. The fibers of the stellate structure have 
elastic or contractile properties that can result in a shortening 
of  the distance between the outer doublet tubules and the cen- 
tral cylinder; this shortening is sensitive to the prevailing lev- 
els of free calcium. On contraction of the stellate structure 
fibers, the outer doublet microtubules are drawn inward with 
a concomitant increase in pitch (see Table I). Thus, the dou- 
blet microtubules are subjected to an inward directed force 
that imposes  internal stresses that ultimately result in the 
rupture of the microtubules. 
Several alternative mechanisms  for microtubule rupture 
are illustrated in Fig.  10. Each of these mechanisms involves 
a force, directed away from and either perpendicular or tan- 
gential to the wall of the microtubule. Such a force may dis- 
lodge individual tubulin subunits from the microtubule wall, 
thereby disrupting the tubulin lattice and destabilizing the 
microtubule. Alternatively, a torsional load (torque) or phys- 
ical shear may rupture the microtubules when a critical stress 
value is exceeded. Finally, axial compression and/or tension 
may contribute to microtubule severing. This may be partic- 
ularly true if the flagella are still beating or if  other mechani- 
cal disturbances are acting on the  system.  Application of 
loads to force-bearing elements generally results in rupture 
through a combination of these types of mechanisms (Byars 
and  Snyder,  1969).  From our structural  analysis  (Fig.  2, 
DESTABILIZE  "  ":" 
MICROTUBULE  /  :'Y 
TORSIONAL  LOAD 
SHEAR 
AXIAL TENSION  AND  COMPRESSION  OR 
lr 
Figure 10. Diagram illustrating possible mechanisms for microtu- 
bule severing. The first case  illustrates displacement of tubulin 
subunits from the wall of the microtubule, resulting in destabiliza- 
tion of the tubulin lattice and consequent microtubule rupture. The 
second and third cases illustrate torsional and shearing forces which 
may act to rupture the microtubule when some critical stress value 
is exceeded. Finally, rectilinear forces of axial compression and/or 
tension may contribute to microtubule severing. 
Table I), we believe that a combination of torsional and trans- 
verse shear are likely to be the most significant factors influ- 
encing flagellar excision, especially since immotile Chla- 
mydomonas mutants  such as pf-18 and detergent extracted 
models of wild-type cells show normal flagellar excision. 
Flagellar Excision: A New Role for the 
Calcium-binding  Protein Centrin 
Our  results  confirm that  flagellar  excision  is  a  calcium- 
dependent process (Goldstein,  1974;  Huber et al.,  1986; 
Rosenbaum and Carlson, 1969; Thompson et al., 1974; Wat- 
son et al.,  1961). In living Chlamydomonas cells, flagellar 
excision in response to environmental trauma requires free 
calcium  levels to be  >/10  -~ M.  In detergent extracted cell 
models calcium alone (>110  -6 M) is sufficient to induce fla- 
gellar excision. 
Other workers have determined that the membrane sur- 
rounding the axoneme is specialized at the transition zone 
(see Dentler, 1981). This region of membrane is resistant to 
detergent extraction (Fig. 8; and see Goodenough, 1983). In 
addition, there are electron-dense, amorphous, connections 
between the membrane and the outer doublet microtubules 
of  the axoneme (see Fig. 3). Freeze-fracture  electron micros- 
copy reveals specializations of the membrane in this region; 
it is characterized by intramembrane particles arranged in 
the form of a flagellar necklace at the transition zone, and 
a flagellar bracelet at the region at which the plasma mem- 
brane everts to form the flagellar membrane (Dentler, 1981; 
Gilula and Satir,  1972; Melkonian and Robenek, 1980; Weiss 
et al.,  1977). Intramembrane particles of the flagellar neck- 
lace are thought to be sites of ion channels or pumps, which 
regulate the ionic milieu of  the flagellum (Fisher et al., 1976; 
Gilula and Satir,  1972; Melkonian and Robenek,  1980;  see 
also Tamm,  1988). 
Our studies demonstrate that the calcium-binding protein 
centrin (Salisbury et al.,  1984, 1988) is a component of the 
transition zone stellate structure.  We demonstrate that the 
stellate structure undergoes contraction during flagellar exci- 
sion and this is also dependent on calcium. Earlier studies 
on centrin-based cytoskeletal systems have shown that cen- 
trin is involved in basal body reorientation, nuclear move- 
ment and shape change, and also dynamic behavior during 
mitosis (Salisbury et al.,  1984,  1987,  1988;  McFadden et 
al., 1987; Wright et al., 1985). Common features of centrin- 
related  motility phenomena  include  (a)  calcium-sensitive 
contractile or elastic behavior of 3-5-nm filaments and (b) 
an association with basal bodies, centrioles, and the centro- 
some of all eucaryotic cells studied to date. The process of 
flagellar excision shares these features. This study demon- 
strates an additional role for centrin in mediating calcium- 
sensitive structural alterations of the basal body transition 
zone. 
Does Microtubule Severing Affect Microtubule 
Dynamics in Other Cell 7~pes ? 
In this study, we demonstrate the local severing of microtu- 
bules.  To our knowledge, this is the first demonstration of 
microtubule severing by a physiologically relevant process in 
situ. From our analysis, it is apparent that the fibers of the 
stellate structure are calcium-sensitive force generating ele- 
ments, which are active in microtubule severing and thereby 
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of microtubule severing described here has interesting analo- 
gies with actin filament severing observed in other systems 
(Stossel et al.,  1985). Actin severing proteins such as gelso- 
lin,  fragmin,  severin,  and villin mediate calcium-sensitive 
severing of actin filaments in amoeboid cells and in intestinal 
epithelial brush borders (Bretscher and Weber,  1980; Brown 
et al.,  1982;  Hasegawa et al.,  1980;  Stendahl and Stossel, 
1980). The action of actin severing proteins results in either 
gel/sol transformation of the cytoplasm and/or actin filament 
depolymerization.  Recent studies on microtubule dynamics 
in vitro (Keates and Hallett,  1988) and in vivo (Vigers et al., 
1988) have shown that physical- or laser-induced microtu- 
bule severing  can affect microtubule stability  in a manner 
consistent with the dynamic instability model of Mitchison 
and Kirschner (1984a,b;  see however Tao et al.,  1988). 
Our demonstration of microtubule severing during flagel- 
lar  excision  in  Chlamydomonas has  led  us  to  question 
whether severing of microtubules may be a more widespread 
phenomenon,  particularly  in the centrosome region of the 
cell. This possibility is especially intriguing since a number 
of recent studies have shown that centrin or its antigenically 
related homologues are present in the centrosome region of 
all eucaryotic cells examined to date, including mammalian 
cells  (Baron  and  Salisbury,  1988;  Salisbury  et  al.,  1986; 
Schulze et al.,  1987). It is possible that microtubule severing 
precedes the massive reorganization of cytoplasmic microtu- 
bules in cells undergoing directed cell migration (Kupfer et 
al.,  1982).  Likewise  the  large  scale  reorganization  of the 
microtubule  complex  at  the  interphase/mitotic  transition 
may involve the active rupture of specific groups of microtu- 
bules. 
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